Cyclopterus lumpus eggs. We tested the hypothesis this egg consumption may hamper the recruitment of lumpsucker. Methods applied included field work, laboratory experiments and modelling of egg consumption. Crabs were sampled and feeding behaviour was studied by means of a remotely operated vehicle and SCUBA divers in a field survey carried out in Varanger Fjord, Norway, in 2003. Laboratory experiments were carried out in 2006 to study the digestion of lumpsucker eggs by red king crabs, and a stomach evacuation model was fitted to the experimental data. Using data from the field and laboratory studies, an egg consumption model was used to quantify the amount of lumpsucker eggs consumed by king crabs in Varanger Fjord. The uncertainty in model input data was assessed using a Monte Carlo simulation. Sex or sampling area did not significantly affect egg predation. A total of 7.9% of all crab stomachs contained an average of 20 lumpsucker eggs, but the number of eggs per stomach varied widely. The average time required to evacuate lumpsucker eggs at 6°C in the laboratory experiment was ~10 h. In 2003, king crabs in Varanger Fjord consumed lumpsucker roe equivalent to approximately one-third of commercial catches during the same period. Red king crab predation on lumpsucker eggs may hamper lumpsucker recruitment in northern Norwegian waters.
INTRODUCTION
Most invasive predators are generalists (Park 2004) , and once established, they may affect a wide range of prey species without producing a high risk of extirpation (Munoz et al. 2011 ). However, predation by alien species can have significant economic consequences, and this is an important rationale behind the growing interest in invasive species (Pimentel et al. 2000 , Molnar et al. 2008 . The red king crab Paralithodes camtschaticus, a generalist feeding decapod (Britayev et al. 2010) , was introduced to the Barents Sea (Murmansk Fjord, Russia) by Russian scientists through several releases during the 1960s, with the intention of establishing a new fishery (Orlov & Karpevich 1965 , Orlov & Ivanov 1978 . Since the stock became established in the late 1970s, it has become invasive and spread widely. It is now abundant throughout the southern Barents Sea, from coastal waters near Kolguyev Island (69°01' N, 49°22' E) in the east and along the coast of northern Norway to Sørøya (70°35' N, 22°44' E) in the west (Britayev et al. 2010) . Varanger Fjord was the first Norwegian fjord invaded by king crabs, which were regarded as abundant there in the 1990s. In spite of the growing interest in invasive species in general, very few attempts have been made to assess the impact of red king crabs on populations of native species and communities in and around the Barents Sea (Britayev et al. 2010) .
The red king crab displays versatile feeding behaviour in these new areas (Sundet et al. 2000 , Britayev et al. 2010 , Oug et al. 2010 , as well as in its native area in the north Pacific (Jewett & Feder 1982) . The most frequent prey species identified from stomach analysis of red king crab in Varanger Fjord are bivalves and polychaetes, in addition to algae, gastropods, several classes of echinoderms and some fish (Sundet et al. 2000 , Haugan 2004 ). The red king crab breaks up its food with its chelae when necessary, making identification of prey difficult (McLaughlin & Hebard 1961) . Consumption of soft tissue may be underestimated in field studies (Sardà & Valladares 1990 ) and this might introduce bias towards calcified and hard prey items, as these are more frequently recorded in crab stomachs. However, fish eggs have been found in crab stomachs (Sundet et al. 2000 , Anisimova et al. 2005 , and crabs have been seen feeding on eggs of lumpsucker Cyclopterus lumpus (Sokolov & Milyutin 2006) . The lumpsucker is not present in the native area of king crab, but it is found on both sides of the North Atlantic Ocean in temperate to cold waters (Davenport 1985 , Kudryavtseva & Karamushko 2002 , Vasconcelos et al. 2004 . During most of the year, the lumpsucker inhabits semi-pela gic offshore areas (Blacker 1983 , Davenport 1985 , Holst 1993 , but in spring it migrates inshore to spawn in shallow water and sub-littoral areas on ro cky bottoms among beds of Fucus spp. and Lami na ria spp. macroalgae (Zhitenev 1970 , Davenport 1985 .
The lumpsucker is fished commercially for its high-value roe, and in 2008, the Norwegian catch amounted to 675 t of roe, which had a first-hand value of NOK 18.9 million (Sunnanå 2009) . Following a serious decline in the 1990s, the Norwegian lumpsucker stock was recently estimated to be at a historically low level, and is assumed to be suffering from weak recruitment (Sunnanå 2011) . The reduction in abundance has been associated with overexploitation (Albert et al. 2002) . It was also suggested that king crabs may displace lumpsuckers from their spawning sites (Kudryavtseva & Karamushko 2002) , as the adult crabs migrate to shallow areas in spring to moult and spawn (Sundet & Hjelseth 2010) .
Lumpsucker eggs are exposed to predation by king crabs in Varanger Fjord during the spring and summer season as lumpsuckers are demersal batch spawners (Zhitenev 1970 , Collins 1976 , Goulet et al. 1986 ) and egg incubation time ranges from 6 to 10 wk (Collins 1978 , Davenport 1985 , Goulet & Green 1988 . Spent females leave the spawning site, while the males stay behind and provide parental care until the eggs hatch (Cox & Anderson 1922 , Zhitenev 1970 . The paternal guardianship includes aeration of the eggs and protection by removal and displacement of predators (Zhitenev 1970 , Goulet et al. 1986 , Goulet & Green 1988 . Invertebrate predators such as sea urchins Strongylocentrotus droebachiensis and periwinkles Littorina spp. are removed, while single fish predators are chased away by the guardian male (Goulet et al. 1986 ).
Predator stomach analysis and prey consumption models are employed to estimate the effects of predators on prey mortality and recruitment (Bax 1998) . To estimate daily ration from stomach analysis, gastric evacuation rates are needed; most models were developed for fish (Eggers 1977 , Elliott & Persson 1978 , Eggers 1979 , but some have also been applied to decapod crustaceans (Maynou & Cartes 1997 , Cristo & Castro 2005 . Gastric evacuation is affected by temperature (dos Santos & Jobling 1991 , Wlodarczyk et al. 1992 , prey type (Sardà & Valladares 1990 , Waddington 2008 , predator size (Jobling 1981 , Britayev et al. 2010 ) and meal size (Bromley 1994) . Exponential decay functions have been used to estimate gastric evacuation rates of crustaceans (Hill 1976 , Sardà & Valladares 1990 , Cristo 2001 , and Pavlova (2009) used Bajkov's feeding model (Bajkov 1935) , which assumes a linear gastric evacuation function to estimate prey consumption of red king crab in the Barents Sea. An alternative approach for estimating daily rations uses data on average stomach content and the integral of the gastric evacuation function (Olson & Boggs 1986) , which allows the use of a variety of evacuation functions.
The aim of this study was to examine the magnitude of lumpsucker egg consumption by the invasive red king crab in Varanger Fjord, Norway. We tested the hypotheses that (1) the parental care provided by the male lumpsucker is not sufficient to prevent egg predation by the red king crab (i.e. the crab is able to chase away the egg-guarding lumpsucker and feed on its eggs), (2) predation on fish eggs by the red king crab is affected by sex or spawning area of the lumpsucker, and finally, (3) consumption of eggs by the red king crab hampers the recruitment of lumpsucker.
Feeding behaviour of red king crab in field was studied by video recordings, and crabs for stomach analysis were collected by divers. A laboratory experiment was conducted to estimate the stomach evacuation rate of lumpsucker eggs by king crabs.
Finally, Monte Carlo simulations were applied to estimate egg consumption, taking into account the uncertainty in input parameters. To the best of our knowledge, this is the first estimate of consumption of guarded lumpsucker eggs by a decapod.
MATERIALS AND METHODS

Study sites
Data were collected during a survey using the commercial fishing vessel MS 'Leif Roald' in April and May 2003. Sampling was carried out at 3 lumpsucker spawning grounds (A1: Ekkerøy; A2: Kiberg; A3: Blodskyttodden) on the outer coast of Varanger Fjord ( Fig. 1 ) which had the highest abundance of red king crab in 2003, and was the first Norwegian fjord invaded by the crab. The distribution of red king crab overlaps the distribution of spawning lump sucker during spring and early summer. The lumpfish spawning grounds at depths < 30 m were selected based on knowledge of local fishermen. The average sea temperature in the samp ling area was 3.4°C. Site A3, which is an exposed area, is located at the entrance of the fjord, while the other 2 locations are situated in more sheltered areas on the northwest side of the fjord. All areas were suitable for SCUBA diving and for operating a remotely operated vehicle (ROV).
Feeding behaviour
Video recordings were made at rocky bottom habitat by the ROV and divers to determine whether the red king crab is able to chase away the egg-guarding lumpsucker and feed on its eggs. The ROV sailed 12 transects each over 0.3 to 2.6 nautical miles. Changing bottom topography prevented standardized transect distances. A total transect distance of 14.3 nautical miles was sailed along the shore at depths between 10 and 30 m. The ROV was an Offshore Hyball 16 (Hydrovision) with a meridian view port that allowed the internally mounted colour camera to tilt and pan through 360°. Four thrusters provided motive power and a 300 m cable enabled us to search the area as the vessel maintained a speed of 0.2 to 0.3 knots at a depth 1−2 m above the seabed. In total, 127 h of video were recorded by the ROV, and 1 h was re corded by divers. All video recordings were analysed at the video laboratory facilities at the Institute of Marine Research (IMR) in Tromsø.
Predation in the field
The ROV was also used to detect sites where red king crabs were abundant at lumpfish spawning sites that were accessible (< 30 m depth) for crab sampling by SCUBA diving. Due to the high current speed at Site A3, it was only possible to dive for < 30 min at high tide. We performed 19 dives in daylight at depths from 19 to 30 m.
We attempted to sample both males and females in all areas to test for the effects of sex and area. A total of 127 red king crabs with carapace length (CL) > 70 mm were sampled (Fig. 2) during the diving time available (16.5 h). This size group was chosen because the population abundance estimate in Varan ger Fjord does not include small crabs (CL < 70 mm). CL was measured to the nearest mm, while sex and carapace age were determined according to standard procedures (Donaldson & Byersdorfer 2005) ; shell age classification was divided into 6 stages which reflect the approximate time since the last moult. Crabs were killed by cutting the isthmus before lifting the carapace, which revealed the stomach attached to the carapace. Stomachs were re - Ekkerøy; A2: Kiberg; A3: Blodskyttodden moved and preserved in 4% buffered formaldehyde (n = 97) or Neofix ® (n = 30) for analysis. Neofix ® is an ethanol-based fixative (Merck). One clutch of lumpsucker eggs was collected to facilitate later identification in stomach analysis. The clutch was kept at 4°C in natural seawater that was changed daily. Stomachs preserved in buffered formaldehyde were kept in running fresh water for 24 h before analysis, while those preserved in Neofix ® were rinsed off with fresh water and immediately analysed. Eggs with an unbroken chorion were counted and identified by characteristics such as shape, egg diameter, oil droplets and pigmentation, as described by Breder & Rosen (1966) and Russell (1976) , and compared to the lumpsucker egg sample. Other prey items were not identified.
The frequency of occurrence (FO) of eggs in king crab stomachs was calculated. As well as stomachs containing food, empty stomachs were included in the analysis, since they reflect the natural feeding state of the population. The effects of sex and sampling area on FO were studied. 95% confidence intervals (CI) of the mean number of eggs per stomach were calculated by bootstrapping. For all tests, α < 0.05 was considered significant. All analyses were performed SYSTAT version 13 (SYSTAT Software International).
Consumption model
A consumption model was employed to estimate the total annual consumption of lumpsucker eggs by king crabs (> 70 mm CL) in Varanger Fjord. The consumption model approach was described by Olson & Boggs (1986) . King crabs were assumed to feed continuously, and consumption of eggs (C) was estimated by the equation: (1) where W is the mean number of eggs in stomachs sampled in the field in 2003, A is the average time (h) required to evacuate lumpsucker eggs (Olson & Boggs 1986 ), E is egg weight (g), T is the time eggs are available for predation (d) and P is the total number of king crabs (> 70 mm CL) in Varanger Fjord in 2003. The factor 10 -6 converts g to t so that C is in t. The individual daily ration in terms of number of eggs consumed per day is given by (W/A) × 24.
Stomach evacuation rate experiment
King crabs were collected during a survey with RV 'Johan Ruud' in April 2006. Crabs with missing limbs were excluded from the experiment. To obtain 1 datum for each hour during the 24 h expected digestion time (Pavlova 2009 ), 24 mature male crabs were captured at depths of 54 to 207 m by Agassiz trawl (bottom trawl) off the coast of Finnmark (approx. 70°57'' N, 29°E). Due to the risk of spreading the species, female crabs must not be used in experimental work at the research facilities at the University of Tromsø, where the crab is not established in nature at present. The crabs were kept in dark containers with running seawater during transportation to the university. Lumpsucker eggs guarded by a male were collected by a SCUBA diver at a depth of 2 m at Kårvika (69°87' N, 18°88' E) in May 2006.
During the acclimation period that lasted 4 wk, similar to earlier experiments with red king crab (Jørgensen & Primicerio 2007) , the crabs were kept in 4 square 1 × 1 m stocking tanks with 500 l natural seawater, 2 l min −1 water flow, constant light and a water temperature between 5°C and 6°C. Dead spent capelin is a common prey of the red king crab in the field during spring, and all crabs were fed dead capelin and lumpsucker eggs. Only actively feeding crabs (n = 17) were used in the experiment (Table 1) . During the experiment the temperature was 6°C. The crabs were starved for 24 h before they were transferred to the individual experimental tanks, which were identical to the stocking tanks. Starvation continued for a further 24 h while the crabs were settling in the individual tanks. The experiment ran from 23 May until 12 June, 2006. Crabs were fed meals of eggs that were adjusted to their body weight (average 0.27% of BW), and un eaten eggs were removed from the tank after 20 min. Crabs which did not consume their prey within 20 min were transferred back to the storage tank. The experiment was repeated following the same procedure, but if the crabs failed to feed on the second trial they were discarded as experimental animals. Average feeding time was 10 min for egg rations ranging from 2.5−10.0 g (Table 1 ). Given the average egg weight of 6.13 mg (Table 1) , the number of eggs fed ranged from 407 to 1630. The meal size of 0.27% of predator weight is comparable to previous estimates of daily ration of red king crab in the field of 0.30 to 2% of body weight (Tarverdieva 1978 , Gudimov et al. 2003 . Crabs were killed hourly, from 1 to 17 h after the meal following the same procedure as described above. Fish eggs with an unbroken chorion were visually identified and counted.
The uneaten eggs were weighed and counted, so the number of eggs eaten could be estimated, and spillage of prey was calculated as a percentage of offered prey. Empty eggs with a broken chorion and no content were not counted and were classified as an initial loss. An ogive stomach eva cuation model, ƒ(t), was fitted to the estimates of proportion of undigested eggs (undigested eggs:number of eggs eaten) at a given time t, where the initial loss of prey during ingestion is given by the parameter a. In this study, visual observations show ed that initial loss of prey oc curred, as some eggs were punctured during feeding and egg contents and chorion were lost without being recovered from the tank. The starting value for initial loss a was based on literature values from Hill (1976) and Cristo (2001) . The slope of the curve is defined by b, and the half-time of prey in the stomach is given by c. Starting values for b and c were based on interpretation of experimental data.
(2)
The model was fitted by nonlinear regression in SYSTAT. The model fit was evaluated by the adjusted r 2 , the significance of model parameters, asymptotic correlation matrix of parameters and re sidual analysis. Statistical outliers were defined as estimates with values more than 3 times the SD of the mean of the residuals. Effects of digestion time, crab weight and meal size (number of eggs consumed) on the model fit were identified.
The mean time A (h) required to evacuate lumpsucker eggs from the stomach was estimated in accordance with Olson & Boggs (1986) , by integrating ƒ(t) numerically, using the equation:
The estimate of A and its SE were used in the following Monte Carlo (MC) estimation of consumption.
Estimating consumption
Values for input data for the consumption model (Eq. 1) were randomly selected from distributions that are believed to adequately describe the uncertainty in the data (Table 2) . MC simulations were run, 1000 bootstrap replicates of stomach content from field data were generated, and mean stomach content (W ) was calculated for each bootstrap replicate and run of the MC simulation. Input values for digestion time (A), estimated by Eq. (3), were randomly selected from a normal distribution and the SD was set to the estimated SE.
The mean egg weight (E) was randomly selected from a normal distribution following same procedure as for A. Input data for the mean and SD of E (Table 3) were estimated by combining data from this study and from the literature (Zhitenev 1970 (Zhitenev 1970 , Davenport 1985 . All egg weight measurements in this study were from the same egg batch, while data from the literature were from different batches.
The uncertainty in the duration of accessibility of eggs (T) was incorporated by random sampling from a uniform distribution ranging from 72 to 124 d. The minimum value was based on the assumption that a female spawns 3 batches at intervals of 6 d, with an embryonic incubation time of 60 d. First spawning, based on our field observations, was on 24 April, and the last date of spawning was assumed to be on 5 July, the date when the lumpsucker fishery closes in Varanger Fjord. For the latest spawners, we assumed an egg incubation time of 40 d due to a rise in temperature during the summer.
Estimates of the total stock of red king crab (> 70 mm CL) in Varanger All MC simulations of consumption estimates and CI were generated using PopTools version 3.2.3 in Excel 2010 (Hood 2010 ) (available at www.poptools. org). We estimated CIs using the percentile method on the 1000 resamples. The influence of the uncertainty in input parameters on the egg consumption estimates was evaluated by studying the significance of the correlation (Spearman rank correlation coefficient; r s ) between input values and MC estimates of consumption. 
RESULTS
Feeding behaviour
In general, the red king crabs did not seem to be disturbed by the ROV or divers while they were feeding. Some crabs walked away from the ROV, but they did not drop their prey. Some crabs searched the substrate by 'filtering'. One egg-guarding lumpsucker was unable to protect his eggs from a feeding red king crab that pushed the fish away with its leg (see supplementary video at www.int-res.com/articles/ suppl/ m469p087_supp/). Due to dense aggregations, the total number of crabs could not be estimated, but 5 crabs were observed feeding on clumps of lumpsucker eggs that had become detached from the original egg clutch, and they all spilled a substantial proportion of eggs while feeding.
Predation in the field
The sample consisted of 86 males (mean CL = 154.4 mm, range = 79−185 mm) and 41 females (mean CL = 127.5 mm, range = 82−184 mm). All crabs were classified as recently moulted or new-shell pliable, a stage ranging from 2 to 8 wk post-ecdysis. Egg identification in the stomach analysis was equal for samples fixed in Neofix ® or 4% formaldehyde.
The frequency of occurrence of lumpsucker eggs in king crab stomachs did not differ significantly be tween females and males at any sampling site (Fig. 3 , Fisher exact test; Site A1; p > 0.99, Site A2; p > 0.99, Site A3; p > 0.99), or between the 3 sites when data for both sexes were pooled (Fisher exact test; p = 0.31). As there were no effects of sex or area, all individuals were pooled (n = 127) for all further analyses, giving a FO of 7.9%. The number of eggs found in stomachs ranged from 0 to 1640 and the mean number of eggs per crab was estimated at 20 (95% CI: 1, 52).
Stomach evacuation rate
Seventeen mature male crabs successfully completed the feeding experiment. All crabs seemed unstressed in the experimental tanks within 2 h after they were transferred from stocking tanks and appeared to be calm when the experiment started 24 h later. The crabs displayed different individual feeding behaviour. Some held the egg clump with their left cheliped, others with the maxillipeds while eating. The latter feeding technique was the fastest, but egg spillage was considerable with both techniques. On average, the crabs consumed 0.26% of their body weight (Table 1) , and an average of 8.4% of the offered eggs remained uneaten and were removed from the bottom of the tank after 20 min.
No lumpsucker eggs or egg remains could be found in stomachs 17 h after ingestion (Fig. 4) . The estimated initial loss (a) was 17.3% of the eggs eaten (Table 4) and average time (A) required to evacuate lumpsucker eggs was estimated at 9.97 h (95% CI: 8.62, 11.32). All parameters of the stomach evacuation model were significantly different from zero (Table 4) 
Consumption estimates
The total annual consumption of lumpsucker eggs by red king crabs (> 70 mm CL) in Varanger Fjord in 2003 was estimated at 30.7 t (95% CI: 0.74, 89.3) and 7.9% of the same population was estimated to be feeding on these eggs ( (Table 2) . Input data for W and egg consumption estimates were highly correlated (r s = 0.93), showing that stomach input data were the main source of uncertainty, while all the other input parameters had a small input range and correlated only weakly with consumption estimates (Fig. 5) . The estimated consumption of lumpsucker roe by red king crabs in 2003 (MC1) was equivalent to approximately one-third of the landed roe in the same area in 2003 (Fig. 6b) . Between 2004 and 2007, landings of roe declined to a minimum of ~6 t in 2007 (Fig. 6b) . Simultaneously, consumption estimates (MC2) increased and were higher than roe landings both in 2006 and 2007, following the rise in the king crab population in Varanger Fjord (Fig 6a) . This population peaked in 2007 at 1 546 667 ind. and the consumption of eggs in this year was estimated by MC2 at 45.9 t. After 2008, the estimated consumption declined following the decline in the red king crab population. At the same time, a 7-fold increase was registered in roe landings from fisheries from 2007 to 2008, followed by a steady rise in landings until the end of the time series.
DISCUSSION
We report the first estimates of lumpsucker egg consumption by the invasive red king crab in the North Atlantic. Most previous studies on potential effects of the crab in this area have focused on diet composition (Sundet et al. 2000) , changes in density and size composition of sea urchins Strongylocentrotus droeba chi ensis (Gudimov et al. 2003 , Pavlova 2008 , 2009 ), effects on scallop beds (Jørgensen 2005 , Jørgensen & Primicerio 2007 and soft-bottom communities (Britayev et al. 2010 , Oug et al. 2010 . In a study on eggs of capelin Mallotus villosus in Canadian waters, an egg-feeding amphipod, Calliopius laeviusculus, accounted for 5 to 30% of annual egg losses (DeBlois & Leggett 1993) . The lack of estimates of lumpsucker spawning stock in Varanger Fjord makes it difficult to evaluate the effects of consumption and damage to eggs by the invasive red king crab.
When compared to catches from roe fisheries, the consumption of lumpsucker roe by red king crabs was substantial in some years. However, year to year fluctuations in roe landings (for the total stock of lumpsucker) also occurred in the late 1980s (Michalsen 2004) , before the crab invaded important lumpsucker spawning grounds in Varanger Fjord. The e fishery depends largely on the market situation for roe and the number of participating vessels, but also weather conditions, especially since only small boats are used in the shallow areas (Sunnanå 2004) , and has been considerably hindered by the prevalent red king crab since its invasion (Sunnanå 2006 ). The spawning stock and level of roe catches may be affected by re cruitment failure, which can be caus ed by storms sweeping egg mas ses away from spawning sites and de positing them in the intertidal zone (M'Intosh 1886 as cited in Davenport 1985) . Since area and sex did not affect the frequency of occurrence of lumpsucker eggs in red king crab stomachs, the large variability in the number of eggs per stomach suggests that the large confidence interval around the estimated consumption was mainly caused by the range of egg numbers found in stomachs. All other input parameters in the Monte Carlo estimation had smaller ranges and much less effect on estimated consumption. Also, estimates of consumption are affected by the average stomach evacuation time of lumpsucker eggs. The ogival stomach evacuation model used in our study fitted the experimental data well, which can be explained by the process of egg digestion: once the egg chorion cracks and gastric fluids enter the eggs, egg contents are rapidly evacuated from the stomach. The average stomach evacuation time for lumpsucker eggs (~10 h) is similar to earlier findings for other food eaten by smaller crabs in the size range of 70 to 90 mm CL (Pavlova 2009 ). The estimated stomach evacuation time of Pavlova (2009) relates to a temperature of 6°C, while the temperature was 3.4°C at the spawning areas that we studied during the first weeks of the spawning season in 2003. Because of the rise in temperature up to ~7°C (Hallfredsson & Pedersen 2009 ) during the spawning season, which ended on July 5 in the consumption model used here, we did not attempt to include the effect of temperature on stomach evacuation rate in the consumption modelling.
The feeding periodicity of red king crab could have influenced the results of our field-based stomach analysis. If the period of most intensive feeding does not match the sampling period, consumption could be either over-or under estimated. Two peaks are obser ved in the daily feeding cycle of mature male crabs in Bristol Bay in the Bering Sea, with the most and number of crabs (P), plotted against consumption estimates of lumpsucker eggs by red king crabs in 2003, taking into account uncertainty in input data by sampling from probability distributions assumed to represent the input data. Spearman rank correlation coefficient is shown active feeding period being recorded at night (Tarver dieva 1978) . This is in accordance with the finding that crustaceans feed at night (Hill 1976 , Chatterton & Williams 1994 . Nevertheless, red king crabs in our study area do not display a diel rhythm in feeding activity during the polar summer, when light levels are relatively high at night ).
The wide range in the number of eggs found in stomachs also suggests that feeding periodicity is low at the population level. Since food consumption estimates are less sensitive to low frequency of sampling at low temperatures (Finstad 2005 ) and the average temperature in the area of study in 2003 was around 3.4°C, it is unlikely that low frequency of sampling and feeding periodicity introduced a heavy bias. By chasing away the lumpsucker male guarding the eggs, the invasive red king crab may enhance predation from other predators, such as sea ur chins Strongylocentrotus droebachiensis. Moreover, lack of parental care may result in total loss of the egg mass (Goulet et al. 1986 ). We observed damage to unconsumed eggs both in the field and in laboratory experiments. Prey mortality due to damage caused by crab feeding activity was also reported in feeding experiments with scallops (Jørgensen 2005) and sea urchins (Pavlova 2009 ). Similar damaging feeding behaviour was observed experimentally in Chinese mitten crabs Eriocheir sinensis feeding on salmonid eggs (C. Culver pers. comm.). The total egg loss due to king crab feeding activity is thus much greater than the estimates of direct consumption offered here. Consumption may be underestimated because juvenile crabs were not included in this study and stomach samples in field were collected early in the spawning season. Since the lumpsucker is a batch spawner and eggs can be available for ~3 mo, it is likely that egg density is higher in the middle of the spawning season, which may lead to a higher FO and average number of eggs in stomachs than found in this study. Juveniles are found in shallow waters all year round, and feed on lumpsucker eggs (Sokolov & Milyutin 2006) , but since there are no estimates available for the population size of juveniles, we had no input data for MC estimation of their consumption. Aggregations of juvenile king crabs may seriously damage both their own food resources and those of fish in benthic communities (Pavlova 2008) .
If some crabs specialise in feeding on lumpfish eggs, this will contribute to large variability in egg consumption among individuals. The lack of area and sex effects and the wide range in the number of eggs found in crab stomachs suggest that individual specialist feeding behaviour may occur. In support of this, feeding selectivity was reported in juvenile king crabs (aged 3−4 yr, carapace width 47−63 mm) (Britayev et al. 2010 ) and in experimental work on immature crabs which preferred to feed on brittle stars among all echinoderms (Pavlova 2009 ). Individual specialisation, whereby the feeding niche of an individual is substantially narrower than the population niche, occurs in many predators utilising a broad array of taxa, if individual specialist feeding behaviour occurs, an invader can profoundly affect the ecological and evolutionary dyna mics of a prey population (Bolnick et al. 2003) . However, the red king crab is commonly classified as an opportunistic feeding crustacean (Cunningham 1969 , Jewett & Feder 1982 , Jørgensen & Primicerio 2007 . This feeding behaviour is common amongst invasive crustaceans (Hän-fling et al. 2011) . Although it was suggested that generalist feeding behaviour of the red king crab hinders the elimination of particular prey species (Britayev et al. 2010) , it can cause declines in prey populations and thereby have a negative effect on fisheries of commercially ex ploited species like the lumpfish.
As the estimated egg consumption by king crab in 2003 was one-third of the roe catch, and avoiding overexploitation is considered important for the development of the lumpsucker stock (Albert et al. 2002) , further fisheries management should take into account the significant contribution of crab predation to egg mortality. Ecosystem-based fisheries management and the precautionary approach state that the lack of scientific certainty should not be used as a reason for postponing cost-effective measures to prevent environmental degradation (Garcia et al. 2003) . Studies of ecological effects of the invasive red king crab are demanding and time-consuming. The attempt to prevent further spread of this invasive species should be intensified despite the scientific uncertainty about the species' ecological effects.
Our primary objectives were to study the feeding behaviour of the red king crab at lumpsucker spawning sites and to estimate its consumption of lumpsucker eggs. Observations in the field demonstrated that the male lumpsucker guardian is unable to prevent the crab from feeding on his eggs. Stomach analysis showed that egg predation is not affected by sex or lumpsucker spawning area. Further, mortality due to crab predation was higher than consumption estimates because the crabs des troy and expose eggs to other predators during feeding activity. The increased egg mortality caused by the invasive red king crab may hamper lumpsucker recruitment and thereby also the recovery of the stock. 
